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Figure 1. Schematic summary of the evolutionary relationships between the five major subfamilies of MADS-box containing

loci. While all of the loci are defined by the presence of the MADS(M) domain, only the type II genes show conservation of three

additional domains: Intervening (I), Keratin-like (K), and C-terminal (C). Note that the C-terminal region of the type I loci is

completely distinct from that of the type II.

such as the core eudicot Arabidopsis (DC.) Heynh.

and grass Oryza L. (reviewed in Zobell et ah, 2010).

Recently, MIKC* loci have been implicated in

microgametophyte maturation and development, but

much more work is required to understand whether

this is a common feature of the subfamily (Adamczyk

& Fernandez, 2009).

Although type I MADS-box genes outnumber type

II in the Arabidopsis genome (Parenicova et ah,

2003), their evolution and functions are compara-

tively poorly understood. The type I genes can be

subdivided into the Mot, Mp, and My subfamilies,

with Mp being sister to My (Fig. 1; Parenicova et ah,

2003). They are much more diverse in their

structures than the type II and lack a canonical K
domain, although they do appear to form protein

dimers (de Folter et ah, 2005; Berner et ah, 2008).

Two clear features have emerged regarding the type I

MADS-box genes. First, they have experienced a

much more rapid birth-and-death evolution than type

II homologs (Nam et ah, 2004). While phylogenetic

analyses of type II loci result in many deeply

conserved lineages, type I loci tend to cluster together

by taxon, reflecting independent and relatively recent

gene duplications (Nam et ah, 2004; Arora et ah,

2007). Second, they are commonly involved in the

development of the female gametophyte and endo-

sperm, as confirmed by both forward genetics and

broad expression studies (Berner et ah, 2010b and

references therein). These two features are possibly

interrelated and may reflect the often rapid evolution

of loci involved in fertilization processes (reviewed in

Tian et ah, 2009).

Since 2000, the development of high-throughput

sequencing has facilitated transcriptome and genome

analysis of a wide array of plant species, including

Arabidopsis
,

Oryza
,

and Vitis L. (Joint Genome

Institute, 2010). This work has facilitated evolution-

ary studies of gene lineage evolution across the

angiosperms as well as comparative analysis of

functional evolution within this context (e.g., Arora

et ah, 2007; Bowman et ah, 2007). These studies

have highlighted the critical interplay between gene

duplication and functional divergence, even when

primary sequence is highly conserved (e.g., Causier

et ah, 2005, 2010). To date, this work has primarily

focused on the grass and core eudicot model systems,

but new sequencing efforts now allow us to add a

third major lineage of angiosperms in the form of the

basal eudicot model Aquilegia L. (columbine) in

Ranunculaceae. Aquilegia consists of ca. 70 peren-

nial species distributed across temperate North

America, Europe, and Asia (reviewed in Hodges &
Arnold, 1994; Kramer, 2009). These recently

diversified species have long fascinated researchers

working in the fields of evolution and ecology due to

their association of poor genetic differentiation with

highly divergent pollinator syndromes (Hodges et ah,

2004; Hodges & Derieg, 2009). More recently,

Aquilegia has become a model for the evolution of

floral morphology thanks to its novel floral organ

types, which include first whorl petaloid sepals,
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Figure 2. Neighbor-joining (NJ) analysis of MADSdomain sequences from all identified Aquilegia, Arabidopsis, and Oryza

loci. Specific lineages are indicated by colors and bracketing. The type I lineages are the My (yellow), M|3 (orange), and Ma
(blue), while the type II are the MIKCC

(red, with individual lineages denoted by brackets) and MIKC* (or M5; green). A
paraphyletic group of four loci are colored in gray. In addition to the new AqAGL86 sequence, these include three sequences

( AGL47
,
AGL82, and OsMADS86) that have previously been placed with M|3 but are instead associated with My in our analysis.

trees associated with this study were deposited in

TreeBase (<http://purl.org/phylo/treebase/phylows/

study/TB2:S13212>).

Results and Discussion

THE MADS-BOXFAMILY OF THE HYBRID AQUILEGIA COERULEA

‘origami’

We have identified 47 MADSdomain containing

loci in the recently sequenced genome of the hybrid

Aquilegia coerulea ‘Origami’ (Table 1; Fig. 2). These

genes are distributed across 29 different scaffolds

that range in size from almost 2 Mbps to 355 kilo

basepaird (Kbps). Scaffolds 2, 3, 4, 6, 7, 13, 14, 15,

18, 22, and 69 contain multiple MADS-box loci, but

only scaffolds 2, 18, and 69 appear to represent

tandem duplications (see below for further discus-

sion). Note that we detected two scaffolds that appear

to have assembly errors: 136, which has two identical

tandem copies of AqAGl
,

and 96, which has two

identical tandem copies of AqAGL64. These dupli-

cates, which we believe to be artificial, were not

included in the analysis.

An NJ analysis of all of the recovered MADS
domains demonstrates that 23 loci distributed across

18 scaffolds fall into type I, while 24 loci distributed

across 15 scaffolds are placed in type II. Overall, the

phylogenetic tree typology of MADS domain se-
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Figure 3. Maximum Likelihood (ML) analysis of the MIK domain sequences from Aquilegia, Arabidopsis, Oryza, Petunia

,

and Vitis, and MIKCC
loci. Bootstrap support values of more than 50% are indicated at nodes. Brackets on the right denote

specific lineage affiliations. Asterisks indicate Aquilegia loci.

tionary histories is consistent with similar studies in

Arabidopsis
,

Petunia
,

and Oryza (Immink et ah, 2003;

Parenicova et ah, 2003; Arora et ah, 2007). On the

other hand, although there are some examples of

seemingly recent gene duplication events across

these loci, there appear to be fewer tandem paralogs,

especially among the type I loci, than has been

observed in other models (De Bodt et ah, 2003; Nam
et ah, 2004; Berner et ah, 2010a). This seems to be

consistent with an overall smaller number of MADS-
box genes in Aquilegia.
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